ABSTRACT The expression of mRNA for the activin type II receptors (ActRII and ActRIIB), follistatin, and the inhibin/activin subunits was investigated in the follicles of broiler breeder hens. Total RNA was isolated from individual granulosa and theca layers of the F 1 through F 5 follicles, a pool of the F 6 and F 7 follicles, the small yellow follicles, and from the combined granulosa and theca layers of the large white follicles from six birds. Northern blot analysis was performed, and two ActRII mRNA transcripts of 6.5 and 3.7 kb were detected in granulosa and theca samples. Both ActRII transcripts were equally expressed in the granulosa samples, but in the theca samples expression of the 3.7-kb transcript was greater than the 6.5-kb transcript. ActRIIB was not detected by Northern analysis in any of the samples. Expression of the mRNA for the activin/inhibin binding protein, follistatin, was detected in theca and granulosa samples 
INTRODUCTION
Activin is a dimeric glycoprotein hormone that stimulates synthesis and secretion of pituitary follicle-stimulating hormone (FSH). It is synthesized as a homodimer or heterodimer of two distinct but similar β-subunits (β A or β B ) that combine to form activin-A (β A -β A ), activin-B (β B -β B ), or activin-AB (β A -β B ). Inhibin is a closely related dimeric glycoprotein hormone that consists of an α-subunit combined with one of the activin β-subunits and that acts to suppress pituitary FSH secretion. The soluble-binding protein, follistatin, binds activin and, with less affinity, inhibin (Shimonaka et al., 1991; Krummen et al., 1993) . Most of the biological actions of activin are neutralized by binding with follistatin Michel et al., 1993) .
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with the greatest expression found in small yellow follicle samples for both cell layers. Expression of the inhibin α-subunit was detected in the granulosa layer of all the follicles, but expression was greatest in the F 6 and F 7 follicles. Granulosa from the large hierarchical follicles expressed the most inhibin/activin β A -subunit, whereas expression of the inhibin/activin β B -subunit was greatest in the granulosa of small yellow and F 6 and F 7 follicles. This report is the first, to our knowledge, on detection of activin type II receptor mRNA in the hen ovary and characterization of the expression pattern of the inhibin family in both the theca and granulosa layers throughout follicular development. The presence of activin receptor and follistatin mRNA in the theca and granulosa layers of the small developing follicles suggests that locally produced activin may be highly regulated and have a vital role in early follicular development.
The cell surface activin receptor is composed of a complex of two single membrane spanning serine-threonine kinases designated as type I and type II (ActRI and ActRII, respectively). As reviewed by Woodruff (1998) the known type I receptors include ActRI and ActRIB, whereas the type II receptors are ActRII and ActRIIB. Alternative splicing of the ActRIIB gene results in at least four isoforms of this receptor (Attisano et al., 1992) . The mechanism by which activin receptors are bound by activin and then elicit intracellular down-stream signaling is not fully understood. It appears that the process is initiated when ActRII bound with ligand binds to ActRI and forms an activin receptor complex. The ActRII then phosphorylates a glycine-serine-rich domain in the ActRI that activates ActRI to phosphorylate intracellular MAD-related (mothers against decapentaplegic) proteins (SMAD). The different affinities of activin-A, activin-B, and activin-AB for the various possible combinations of the ActRI and ActRII Abbreviation Key: ActRII = activin type II receptor; ActRIIB = activin type II receptor B; ActRI = activin type I receptor; FSH = follicle-stimulating hormone; GAPDH = glyceraldehyde-3-phosphate dehydrogenase. complexes has not been completely elucidated (Matthews and Vale, 1991; Attisano et al., 1992) .
The ActRII and ActRIIB receptors have been cloned in chickens (Nohno et al., 1993; Stern et al., 1995) , as has the ActRI receptor (Lai et al., 2000) . Activin type II receptor mRNA has been detected by in situ hybridization in embryonic chicken spinal cord (Ohuchi et al., 1992) , ciliary ganglion neurons (Kos and Coulombe, 1997) , and dorsal root ganglion neurons (Kos et al., 2001) . ActRI protein expression has been detected in chick embryo atrioventricular endocardial cells (Lai et al., 2000) . Expression of the activin receptors has not been examined in avian reproductive tissues.
The hen ovary is characterized by large and small yolkfilled preovulatory follicles arranged in a hierarchy according to size. Lovell et al. (1998) examined the content of inhibin-A and activin-A in the theca and granulosa cells of the four largest follicles and reported that inhibin-A production was largely confined to the granulosa cells, whereas activin-A was more abundant in the theca cells. The content of inhibin-A increased approximately 40-fold from the F 3 granulosa cells to the F 1 granulosa cells (Lovell et al., 1998) .
The mRNA expression pattern of the inhibin/activin subunits in the granulosa layer from laying hen preovulatory follicles (Chen and Johnson, 1996; Davis and Johnson, 1998) was consistent with the data reported by Lovell et al. (1998) . The mRNA for the inhibin α-subunit was abundant in the large hierarchical follicles and undetectable by Northern analysis in the small (<5 mm) nonhierarchical follicles (Davis and Johnson, 1998) . Expression of the inhibin/activin β A -subunit was much greater in the F 1 follicle compared to the other follicles. Expression of the mRNA for the inhibin/activin β B -subunit and follistatin was highest in the smaller (F 6 to F 8 ) hierarchical and non-hierarchical follicles. Safi et al. (1998) examined the mRNA expression of the inhibin α-and β A -subunits in the granulosa layer of five largest follicles in the laying hen and in the broiler breeder hen. The expression pattern of the inhibin subunits was similar between the two types of hens, but the broiler breeder hens expressed more inhibin α-subunit mRNA.
To establish the potential for activin to have autocrine and paracrine roles within the broiler breeder ovary, the present work expanded upon previous reports by examining the expression of the inhibin/activin α-, β A -, and β B -subunits and follistatin in the granulosa and theca layers of the large preovulatory follicles as well as the small non-hierarchical follicles. In addition, the mRNA expression patterns of the ActRII were examined in these tissues for the first time. 
MATERIALS AND METHODS

Birds
Ovarian tissue was obtained from six 37-wk-old Arbor Acre Classic broiler breeder hens. The hens were housed in an environmentally controlled building in floor pens with raised metal nest boxes. From 21 wk of age, the hens were maintained on 15 h of light per day. The hens had been fully feed-restricted from hatch based on primary breeder standards. The Institutional Animal Care and Use Committee of the University of Georgia approved all animal procedures.
Tissue Collection
All hens selected had been laying for several weeks, based on trap-nesting records and were killed 2 to 6 h after their last ovulation. The timing of the last ovulation was also confirmed in each bird by visual inspection of the position of the ovulated follicle within the oviduct. Following cervical dislocation, the entire ovary was removed from each bird and placed into ice-cold KrebsRinger bicarbonate buffer (pH 7.4). The granulosa layer was separated from the theca layers in all of the hierarchical follicles and small yellow follicles (5 to 12 mm), but in the large white follicles (2 to 5 mm) separation of the theca and granulosa layers was not possible because of their small sizes. Theca samples and the large white follicles were homogenized for 30 s with a PowerGen 700 2 tissue disrupter.
RNA Extraction and Northern Analysis
Total RNA was extracted from the theca and granulosa tissue samples from each individual F 1 and F 5 follicle, from pools of the F 6 and F 7 follicles and small yellow follicles, and from the combined granulosa and theca layers of the large white follicles. RNA was extracted using the quanidine isothiocyanate/phenol-chloroform method (Chomczynski and Sacchi, 1987) .
Forty micrograms of total RNA from each sample was run on a 1.5% agarose/formaldehyde gel and then transferred and ultraviolet cross-linked to GeneScreen Plus nylon membrane 3 using a PosiBlot pressure blotter 4 and FBUVLX-1000 ultraviolet cross-linker. 5 Northern analysis for the inhibin/activin α-, β A -, and β B -subunits, follistatin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was done as previously described (Davis and Johnson, 1998) .
For the ActRII, Northern analysis was conducted with cloned PCR products. PCR primers were generated from the published (Stern et al., 1995) sequences of chicken embryo ActRII. For ActRII, the forward primer sequence was 5′-GGAGCTGCTACGAAGTTAGCGTT-3′, and for the reverse primer the sequence was 5′-GAACGCATTAT-TCAGATGCAAAAATT-3′. These primers generated a 1,450-base-pair (bp) product that contained over 95% of the protein coding sequence.
The forward primer sequence for ActRIIB was 5′-TGAAGGAATATGAGCGCTTCGT-3′, and the sequence of the reverse primer was 5′-CGCCCAAAGAGTCCAG-TATCTAAGT-3′. The 1,548-bp product generated from these primers contained all of the protein coding sequence. Reverse transcription PCR reactions were conducted as previously described (Davis and Johnson, 1998 ). Isolated PCR products were then cloned into pCRII vectors using the Original TA Cloning Kit. 6 The expected ActRII sequences were confirmed by automated sequencing performed by the University of Georgia Molecular Genetics Instrumentation Facility.
For each replicate hen, there were two blots. One blot contained all of the granulosa samples plus the combined granulosa and theca sample of the large white follicles, and the other blot contained all of the theca samples. All blots were hybridized in the following order with 32 Plabeled preparations of ActRIIB, ActRII, follistatin, inhibin/activin β B -subunit, inhibin/activin β A -subunit, and inhibin α-subunit. The blots were stripped (Davis and Johnson, 1998) of the previously hybridized probe before being hybridized with the subsequent probe. To verify and correct for equality of RNA loading and transfer, the final hybridization of the blots was done with GAPDH.
Autoradiograph signals on the films were scanned with an HP ScanJet 5370C scanner, 7 and the intensity of the signals was calculated using ImageQuant 8 densitometry software. For an individual hybridization of each blot, the intensity of the sample was expressed relative to the strongest signal, which was rated as 1.
Statistics
An ANOVA was performed using the general linear model procedure of Minitab 9 with replicate and follicle size as factors. Tukey's multiple-comparison procedure (Neter et al., 1990 ) was used to detect significant mRNA expression differences among the follicles. Differences were considered significant when P < 0.05.
RESULTS
Ovarian Expression of ActRII
In the Northern analysis of total RNA derived from the granulosa of an F 5 follicle, the ActRII cDNA probe hybridized to two major bands of ActRII mRNA at approximately 6.5 kb and 3.7 kb (Figure 1 ). In the granulosa samples and the combined granulosa and theca sample of the large white follicles, both transcripts were equally expressed within a given sample (data not shown). Compared to the expression of the 3.7-kb transcript, expression of the 6.5-kb transcript was lower, however, in all of the theca samples (data not shown). Expression of the 6.5-kb ActRII transcript in the granulosa cells of the small yellow follicles was less than the expression in the F 2 follicle (Figure 2 ). There were no differences in the expression levels of the 3.7-kb transcript between any of the granulosa samples (data not shown). Interestingly, in the theca samples there were no differences in the expression of the 6.5-kb transcript between different sizes of follicles (data not shown). Expression of the 3.7-kb transcript, however, was greater in the theca FIGURE 2. A. Expression of the 6.5-kb mRNA transcript for chicken activin type II receptor (ActRII) in granulosa from the F 1 through the small yellow follicles (SY) and from the combined granulosa and theca of the large white follicles (LW). B. Expression of the 3.7-kb mRNA transcript for chicken ActRII in theca from F 1 through small yellow follicles.
a-c Bars (mean relative density values ± SEM) with different letters are significantly different (P < 0.05) from one another. Note that expression of the 3.7-kb ActRII transcript in granulosa and the 6.5-kb transcript in theca did not vary with follicle source and is not shown. of the F 2 follicles than in the theca tissue from the F 3 , F 4 and F 6 , and F 7 samples (Figure 2) .
Even with extended film exposures (3 wk), expression of the mRNA for ActRIIB was not detected in any of the granulosa or theca samples by Northern analysis.
Expression of Follistatin
Follistatin mRNA expression was detected in all of the granulosa and theca samples. The expression of follistatin mRNA was so abundant in the granulosa of the small yellow follicles compared to the other granulosa samples (Figure 3 ) that for accurate densitometry quantification the granulosa blots could only be exposed for 48 h. This exposure was too short for follistatin message to be consistently detected in the F 1 , F 2 , and F 3 granulosa samples. Expression of follistatin mRNA was also greater in the theca of the small yellow follicles than in the theca samples of the other follicles (Figure 3) .
Expression of the Inhibin α-Subunit and the Inhibin/Activin β A -and β B -Subunits
The F 6 and F 7 granulosa had greater expression of the mRNA for the inhibin α-subunit than the other follicles Bars (mean relative density values ± SEM) with different letters for a given tissue type are significantly different from one another (P < 0.05). Note that follistatin mRNA could be detected in the granulosa of F 1 , F 2 , and F 3 follicles if the film exposure was equal to that used for theca samples. A longer exposure was not used for the granulosa samples in order to obtain accurate density readings for the SY samples. (Figure 4) . Expression of the mRNA for the inhibin α-subunit was less in the small non-hierarchical follicles compared to the hierarchical follicles. Expression of the mRNA for the inhibin α-subunit was not detected consistently in any of the theca samples.
Expression of the mRNA for the inhibin/activin β Aand β B -subunits was not detected in theca tissue. Granulosa tissue pooled from the small yellow follicles or from the F 6 and F 7 follicles had the greatest expression of the mRNA for the inhibin/activin β B -subunit (Figure 4) . Expression of the mRNA for the inhibin/activin β A -subunit was detected only in the granulosa samples from hierarchical follicles (Figure 4) .
DISCUSSION
The present study is the first to report the ovarian detection, molecular size, and ovarian expression pattern of the mRNA for the ActRII. Additionally, it is the first report of the characterization of the mRNA expression of the inhibin/activin-subunits and follistatin in the granu-FIGURE 4. Expression of the mRNA for the inhibin α-subunit (A), the inhibin/activin β A -subunit (B), and the inhibin/activin β B -subunit (C) in granulosa tissue from the hierarchical follicles and small yellow follicles (SY) and in the combined granulosa and theca tissue of the large white follicles (LW). Bars (mean relative density values ± SEM) with different letters are significantly different (P < 0.05) from one another.
losa and theca layers of the broiler hen for all of the developing follicles.
ActRII receptor mRNA was detected by Northern analysis of the granulosa and theca tissues of broiler breeder hens, whereas the ActRIIB receptor mRNA was not detected. The fact that ActRIIB mRNA was not detected by Northern analysis was not surprising, however, because prior studies with rats have also found the ActRIIB receptor mRNA to be expressed in low abundance in granulosa cells (Feng et al., 1993 , Cameron et al., 1994 Aloi et al., 1997) . Only in cultured human preovulatory granulosa cells have ActRII and ActRIIB mRNA transcripts been detected in substantial quantities by Northern analysis (Erämma et al., 1995) .
Two ActRII mRNA transcripts were detected by Northern analysis in the theca and granulosa samples. The largest transcript had an estimated molecular mass of 6.5 kb, whereas the smaller transcript was about 3.7 kb in size. These transcript sizes roughly agree with the mRNA transcript sizes reported in other species in which multiple ActRII transcripts were also found. Transcript sizes of 6 and 3 kb have been reported in human erythroleukemic cells (Hilden et al., 1994) in human placenta tissue (Shinozaki et al., 1995) , in rat testes , Shinozaki et al., 1992 Feng et al., 1993) , in cultured rat granulosa cells , and in mouse testes and ovary (Wu et al., 1993) . Ethier et al. (1994) reported detecting a major mRNA transcript of 6 kb and two minor transcripts of 5 and 3 kb in bovine reproductive tissues. Finally, de Winter et al. (1992) reported transcript sizes of 6 and 4 kb for the ActRII receptor in rat testes.
There seemed to be a difference between granulosa and theca cells in regulating the expression of the 6.5-and 3.7-kb ActRII transcripts. In the granulosa samples, the 6.5-kb ActRII transcript was differentially expressed between different sized follicles, whereas expression of the 3.7-kb transcript was constant across all follicle sizes. In contrast, in the theca sample the 6.5-kb transcript of ActRII was equally expressed in all follicle sizes, but expression of the 3.7-kb transcript varied with follicle size. These contrasting results suggest that the two mRNA transcripts of ActRII may represent more than different stages of RNA processing and maturation. This suggestion is supported by other reports. In isolated rat pachytene spermatocytes and round spermatids, only the smaller transcript can be detected (de Winter et al., 1992) . Additionally, the two transcripts exhibited developmental regulation in rat testes (de Winter et al., 1992; Ito et al., 1993) with expression of the larger transcript decreasing with age, whereas expression of the smaller transcript increased drastically at 21 d of age and remained high as the rats matured. Finally, abundant levels of the larger transcript for ActRII were detected in ovary, uterus, and epididymis tissue from mice, but only high levels of the smaller transcript were detected in testicular tissue (Wu et al., 1994) . Lovell et al. (1998) examined the production of activin-A in the four largest hierarchical follicles of the laying hen and reported that activin-A protein was produced in the theca and granulosa cells. The production of activin-A was two to three times higher in the theca cells. Because ActRII mRNA was present in the theca and granulosa cells of the hierarchical follicles in the present research, the potential may exist for activin to have paracrine and autocrine effects within these cells. Of course this assumption is predicated on the fact that the theca and granulosa cells also express a form of the ActRI, because for activin binding to occur an activin receptor complex between a type II and type I receptor must be formed.
Expression of the mRNA for the inhibin α-subunit was highest in the granulosa cells from the F 6 and F 7 follicles. There was relatively little expression of the inhibin α-subunit in the small yellow and large white follicles. These results differ slightly from those reported previously in stocks selected for high egg production (hereafter called laying hens) in which the expression of the inhibin α-subunit was highest in the F 5 granulosa cells and in which there was no inhibin α-subunit mRNA detected in the large white follicles (Davis and Johnson, 1998) . Thus, it appears that broiler breeder hens may express more of the mRNA for the inhibin α-subunit in the small nonhierarchical follicles than is expressed by laying hens. This higher expression of the mRNA for the inhibin α-subunit in the smaller follicles may not be surprising because when Safi et al. (1998) examined expression of the inhibin α-subunit in the granulosa cells of the F 1 , F 2 , F 3 , and F 4 and F 5 follicles of broiler breeder hens and laying hens, they found higher levels of expression for the α-subunit in the F 1 , F 2 , and F 3 follicles of broiler breeder hens. Our results combined with those of Safi et al. (1998) clearly indicate the follicles of broiler breeder hens express higher levels of the mRNA for the inhibin α-subunit than the follicles of laying hens. This difference in α-subunit expression may cause broiler breeder hens to lay at lower rates than laying hens. This conclusion is supported by the report by Wang and Johnson (1993) in which granulosa cell expression of the mRNA for the inhibin α-subunit was increased in F 1 and F 4 follicles in laying hens laying at a low rate (three-to seven-egg sequence) as compared to hens laying at a high rate (21-d sequence). Further support of this conclusion is provided by the report of Moreau et al. (1998) in which active immunization of Japanese quail against the inhibin α-subunit resulted in increased egg production.
The expression of the inhibin/activin β A -subunit was restricted to the granulosa cells of the hierarchical follicles, and there was a clear trend for increased expression of the inhibin β A -subunit as the follicles matured to the two largest follicles. This pattern of expression for the inhibin β A -subunit is unlike that of previous reports. Chen and Johnson (1996) and Davis and Johnson (1998) reported that expression of mRNA for the inhibin β A -subunit in laying hens is much greater in the F 1 follicle than all the other hierarchical follicles which had equivalent expression of this mRNA transcript. With broiler breeder hens, Safi et al. (1998) determined that the F 1 granulosa cells also expressed more of the mRNA for the inhibin β A -subunit than the granulosa cells of the F 2 , F 3 and F 4 , and F 5 follicles and that the expression from the F 2 through F 4 and F 5 follicles decreased as the follicles became less mature. Safi et al. (1998) reported, however, that expression of the β A -subunit mRNA in the F 2 follicle was much higher than it was in the laying hen.
The reason for the discrepancy between the previous results and the current results is unknown. It should be noted that in half of the replicate Northern blots, expression of the mRNA for the inhibin β A -subunit was greatest in the F 1 follicle, whereas in the other half, expression was greatest in the F 2 follicle with very little expression in the F 1 follicle. Chen and Johnson (1997) reported that expression of mRNA for the inhibin β A -subunit in laying hens varies dramatically in the F 1 follicle during the 24 h prior to ovulation, with expression of the inhibin β Asubunit becoming undetectable by Northern analysis a few hours prior to ovulation. The birds used for the current experiments, however, were killed a few hours after ovulation, when levels of the mRNA for this subunit should be higher in the F 1 follicle based on the results from laying hens (Chen and Johnson, 1997) .
Because the timing of ovulation seems to be an unlikely explanation for our results, we would offer one other possible cause. As the follicles were collected from the killed birds, we noted in several instances that the F 1 and F 2 follicles could only be distinguished from one another by weighing the follicles. Therefore, the follicle hierarchy at the top of the hierarchy was not well defined, which can be a common occurrence in broiler breeder hens. This lack of clear definition between the F 1 and F 2 follicles might have resulted in the unusual inhibin β A -subunit mRNA expression, as the F 1 samples from the birds with the poorly defined hierarchy expressed low amounts of the mRNA for the inhibin β A -subunit.
The expression pattern of the mRNA for the inhibin/ activin β B -subunit and follistatin for the most part mirrored one another in the granulosa samples from the developing broiler breeder hen follicles. This result could indicate that follistatin might be produced by the granulosa cells to modulate the activity of activin-B. Furthermore, follistatin mRNA was detected in the theca samples from all of the preovulatory follicles, which suggests that activin may have a role in these cells that is regulated by follistatin. One possible role could be the regulation of estrogen production, because activin plays a role in estrogen and progesterone production in mammals (Mather et al., 1997) . The primary source of estrogen in the hen ovary is the theca cells of the small follicles (Robinson and Etches, 1986; Senior and Furr, 1975) . Furthermore, addition of estradiol to cultured laying hen granulosa cells from the small yellow and large white follicles increased the mRNA expression of follistatin and activin β Bsubunit (Davis et al., 2000) , indicating a potential positive feedback between estrogen production and activin production.
In summary, expression of the mRNA for the ActRII, follistatin, and the inhibin/activin subunits varied significantly with follicle cell type and follicular maturity. The prevalent mRNA expression of ActRII and follistatin in theca and granulosa cells and from follicles of all sizes suggests that activin may have significant paracrine and autocrine roles in follicular maturation, which are regulated by follistatin. The differences in the expression of the inhibin/activin subunits in broiler breeder hens compared to those reported in laying hens might have significance related to their respective reproductive efficiencies.
